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An image s t a b i l i z a t i o n  method is  d i s c u s s e d  t h a t  i n v o l v e s  t h e  
t r a c k i n g  of r e t i n a l  b l o o d  v e s s e l s  a n d  o t h e r  s t r u c t u r e s  of the  back  of 
the   eye - - i . e . ,  a fundus   t r acke r .  The  method i n v o l v e s   p r o j e c t i n g  a 
s c a n n i n g  p a t t e r n  onto  t h e  r e t i n a ,  a n d  d e t e c t i n g  t h e  t r a n s l a t i o n a l  a n d  
r o t a t i o n a l  movements of t h e  r e f l e c t e d  p a t t e r n  by means of a c e r t a i n  
type of high-speed (real-time) c o r r e l a t i o n  p r o c e s s i n g  of t h e  v i d e o  
s i g n a l .  A p a r t i c u l a r l y   s i m p l e ,   c i r c u l a r   s c a n  method for t h i s   p u r p o s e  
i s  implemented by i n v e r t i n g  a s tandard  fundus  camera i n  o r d e r  t o  p r o j e c t  
t h e   s c a n   p a t t e r n   o n t o   t h e   r e t i n a .  The c o r r e l a t i o n   p r o c e s s i n g  i s  
p r e s e n t l y   s i m u l a t e d  on a d i g i t a l   c o m p u t e r  a t  slow speed.   This   s imula-  
t i o n  program w i l l  b e  used  fo r  ove ra l l  eva lua t ion  of the  t r ack ing  sys t em 
a s  w e l l  a s  t o  h e l p  i n  d e s i g n  o f  t h e  r e q u i r e d  h i g h - s p e e d  c o r r e l a t i o n  
equipment .   This   fundus  t racker   technique may p r o v i d e   g r e a t e r   p r e c i s i o n  
of  t racking  than  i s  provided by con tac t - l ens  t echn iques ,  as  w e l l  a s  
t h e  p o t e n t i a l  f o r  g r e a t e r  c o n v e n i e n c e  of use .  
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I INTRODUCTION 
A!. Ret ina l   S igna l   P rocess ing  
Optical images formed i n  t h e  p l a n e  o f  t h e  r e t i n a  are  conver ted  
i n t o   s p a t i o - t e m p o r a l   n e u r a l   p a t t e r n s   i n   t h e   o p t i c   n e r v e .  However, t h e s e  
s i g n a l s  h a v e  a l r e a d y  l o s t  c e r t a i n  s e l e c t e d  k i n d s  o f  i n f o r m a t i o n ,  as  a 
r e s u l t  o f  t h e  s i g n a l - p r o c e s s i n g  o p e r a t i o n s  a t  t h e  r e t i n a l  l e v e l .  
Gene ra l ly  speak ing ,  t he  r e t ina  a c t s  a s  a spa t ia l  and  tempora l  bandpass  
f i l t e r .  The r e t i n a l   c i r c u i t s   c o m p l e t e l y ,  or almost  completely,   block 
in fo rma t ion  con ta ined  in  ze ro - f r equency  spa t i a l  and  t empora l  s igna l s .  
Thus, i f  t h e  r e t i n a l  image were u n i f o r m  i n  i n t e n s i t y  a n d  o f  i n f i n i t e  
e x t e n t ,  n o  i n f o r m a t i o n  a b o u t  a b s o l u t e  l i g h t  i n t e n s i t y  would  be t r ans -  
mi t t ed ;a l so ,  i f  one  cou ld  e l imina te  t empora l  changes  in  the  l i gh t  i n -  
t e n s i t y  on a l l  p a r t s  o f  t h e  r e t i n a ,  no s i g n a l s  a b o u t  s p a t i a l  d i s t r i b u -  
t i o n  would  be t r a n s m i t t e d .  A t  t h e   o t h e r   e x t r e m e ,   t h e   e y e   a l s o   b l o c k s  
h igh  spa t i a l  and  t empora l  f r equenc ie s ,  s o  t h a t  v e r y  f i n e  d e t a i l s  c a n n o t  
be s e e n ,  a n d  v e r y  f a s t  p e r i o d i c  c h a n g e s  i n  i n t e n s i t y  c a n n o t  be d i sc r imi -  
na ted  f rom s teady  i l lumina t ion .  
The s ta tements  above a re  q u a l i t a t i v e ,  a n d  a t  t he  p re sen t  t i m e  they 
cannot be g i v e n   t h e   p r e c i s i o n   d e s i r a b l e .  We cannot   ye t  s t a t e  p r e c i s e l y  
t h e  t e m p o r a l  a n d  s p a t i a l  t r a n s f e r  c h a r a c t e r i s t i c s  of t h e  human v i s u a l  
sys t em,  fo r  r easons  tha t  w i l l  now be expla ined .  
Even when an  obse rve r  t r ies  t o  f i x a t e  s t e a d i l y ,  h i s  e y e s  a re  i n  con- 
s tan t   mot ion .   This   mot ion  i s  r e f e r r e d  t o  a s  involuntary  e y e  movement, 
or  physiological  nystagmus.  Each movement o f  t h e  e y e  s h i f t s  t h e  r e t i n a  
u n d e r  t h e  r e t i n a l  image. Therefore ,  when an   observer   looks  a t  a pat-  
t e r n e d  f i e l d ,  e a c h  movement o f  t he  eye  causes  a tempora l  change  in  the  
i n t e n s i t y  o f  l i g h t  f a l l i n g  on many receptors .   Furthermore,   eye move- 
ments are  i r r e g u l a r   a n d   u n p r e d i c t a b l e .  Thus, i f  one  wishes t o  s tudy  
t h e  r e s p o n s e  o f  t h e  v i s u a l  s y s t e m  t o  s p a t i a l  or temporal  changes in  
i n t e n s i t y ,  he  must  e l imina te  the  mot ion  of  the  image  wi th  respec t  to  
t h e  r e t i n a .  The only  way t o  e l i m i n a t e  t h e  e f f e c t s  of t h e s e  movements, 
w i t h o u t  i n t e r f e r i n g  w i t h  t h e  normal motor system of the  eye ,  is t o  move 
t h e  re t inal  image a l o n g  w i t h  t h e  e y e  so t h a t  i t  rema ins  f ixed  wi th  r e spec t  
t o  t h e  retina.  Such a c o n d i t i o n  is c a l l e d  a s t a b i l i z e d  image. 
In  t h i s  sense, t h e  b l o o d  v e s s e l s  a n d  n e r v e  f i b e r s  l y i n g  i n  f r o n t  o f  
t h e  retina, through which l ight  must  pass  t o  r e a c h  t h e  r e c e p t o r  cells, 
are s t ab i l i zed .   The i r   unchang ing   na tu re  is t h e  main  reason why t h e s e  
r e t i n a l  f e a t u r e s  are n o r m a l l y  i n v i s i b l e  t o  t h e  s u b j e c t ,  t h o u g h  he  can  be 
made aware of them as t r a n s i e n t  phenomena, by var ious techniques--for  
example, by sudden  changes  in  the  wave leng th  o r  po la r i za t ion  of t h e  
s t imu lus .  Some a t t e m p t s  have been made t o  u s e  t h e s e  methods t o  s t u d y  
r e t ina l  responses ,  bu t  they  suf fer  f rom the  problem tha t  these  en topt ic  
s t i m u l u s  p a t t e r n s  c a n n o t  be con t ro l l ed  o r  changed .  
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B. Previous Image S tab i l i za t ion   Techn iques  
There are two p r i n c i p a l  ways i n  which  researchers   have  a t tempted 
t o  produce  s tab i l ized  images .  The  most common  way is t o  a t t a c h  a t i g h t l y  
f i t t i n g  c o n t a c t  l e n s  t o  t h e  e y e ,  a n d  t h e n  e i t h e r  a t t a c h  t h e  tes t  o b j e c t  
t o  t h e  l e n s  o r  r e f l e c t  a n  image  from a m i r r o r  a t t a c h e d  t o  t h e  l e n s  a n d  
t h r o u g h  a n  o p t i c a l  s y s t e m  s u c h  t h a t  t h e  r e t i n a l  image of t h e  o b j e c t  i s  
f i x e d  w i t h  r e s p e c t  t o  t h e  r e t i n a .  F o r  many purposes,   such  an  opto- 
mechanical  system is  adequate;   but  i t s  degree of s t ab i l i za t ion  depends  
c r i t i c a l l y  upon how c l o s e l y  t h e  c o n t a c t  l ens  fo l lows  the  angu la r  move- 
ments o f  t h e  v i s u a l  a x i s  of t h e  e y e .  I t  has  been shown tha t   such  a 
sys t em c a n n o t  a c h i e v e  s t a b i l i z a t i o n  s u f f i c i e n t  f o r  v e r y  p r e c i s e  work. 
The second procedure for  producing a s t a b i l i z e d  image c o n s i s t s  of 
a d e v i c e  f o r  t r a c k i n g  t h e  movements  of t h e  e y e  and moving an  objec t  o r  
image p r o p o r t i o n a t e l y .  A t  t h e   p r e s e n t  time, t h e  best way t o  t r a c k  move- 
ments of the eye is t o  t r a c k  movements  of a c o n t a c t  l e n s  a t t a c h e d  t o  t h e  
e y e ;  t h i s  method is  t h e r e f o r e  n o  more p r e c i s e  t h a n  t h e  f i r s t  t e c h n i q u e  
descr ibed above.  
C. Fundus  Tracker 
The eye-tracking method that is t h e  s u b j e c t  o f  t h i s  r e p o r t  i n v o l v e s  
t h e  e l e c t r o - o p t i c a l  t r a c k i n g  o f  r e t i n a l  b l o o d  v e s s e l s  a n d  o t h e r  s t r u c t u r e s  
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a t  the   back   of   the  eye--i.e., a fundus   t racker .  The p o t e n t i a l  o f  t h e  
p re sen t   t echn ique  is t w o f o l d :   p o t e n t i a l l y   g r e a t e r   p r e c i s i o n   o f   s t a b i l i -  
za t ion  than  provided  by c o n t a c t - l e n s  t e c h n i q u e s ;  a n d  t h e  p o t e n t i a l  f o r  
greater  convenience of  use,  so t h a t  l a r g e r  numbers of subjec ts  can  be  
t e s t e d .  (Good s t a b i l i z a t i o n  w i t h  c o n t a c t  l e n s e s  r e q u i r e s  a ve ry   accu ra t e ly  
f i t t e d  i n d i v i d u a l  l e n s  f o r  e a c h  s u b j e c t ;  t h i s  r e q u i r e m e n t  is b o t h  c o s t l y  
a n d  d i f f i c u l t ,  a n d  sometimes p a i n f u l  as  w e l l . )  
The o v e r a l l  program has three major  goals :  
To d e t e r m i n e  t h e  o p t i c a l  p r o p e r t i e s  of t h e  r e t i n a l  
s t r u c t u r e s ,  p r i m a r i l y  w i t h  r e s p e c t  t o  w a v e l e n g t h  a n d  
s p a t i a l  d i s t r i b u t i o n ,  which govern the precision of 
"lock-on" fo r  va r ious  au tomat i c  t r ack ing  dev ices ;  and  
t o  select t h e  optimum wavelengths and the size and 
l o c a t i o n  of t h e  r e t i n a l  a r e a  t o  be t racked .  
To develop a working model of a sys t em fo r  au to -  
mat ica l ly  t racking  ex t remely  f ine ,  angular  mot ions  
of t h e  v i s u a l  a x i s  ( t h e  o p e r a t i o n  o f  t h i s  sys t em 
should  preferab ly  not  be d i s t r a c t i n g  t o  t h e  s u b j e c t ) .  
To demonstrate  the usefulness  of  such a pro to type  
t r a c k i n g  d e v i c e  by coupl ing  i t s  o u t p u t  t o  c o r r e -  
s p o n d i n g l y  d e f l e c t a b l e  s t i m u l u s  p a t t e r n s  ( g e n e r a t e d ,  
f o r  example,  with a CRT),  t o  p r o v i d e  s t a b i l i z e d  
re t ina l  s t imulus  images  of  grea t ly  improved  s tab i l i ty ,  
T h i s   r e p o r t  i s  pr imari ly   concerned  with  Object ive (1). Some d i s -  
cuss ion  of the pr inciples ,  a lgori thms,  and designs which have been 
evolved  for  use  in  proceeding  toward  Objec t ive  ( 2 )  is a l s o  i n c l u d e d .  
B e f o r e  t r e a t i n g  t e c h n i c a l  d e t a i l s ,  however, w e  d i s c u s s  below some of t h e  
k inds  of  exper iments  tha t  could  prof i tab ly  be conducted with a success- 
f u l   i n s t r u m e n t  of this   type.   These  experiments   have  general ly   been con- 
d u c t e d  i n  t h e  p a s t  w i t h  c o n t a c t - l e n s  s t a b i l i z a t i o n  m e t h o d s ,  a n d  as  o f t e n  
a s  n o t  t h e i r  r e s u l t s  Have been inconclusive because of the above-noted 
l i m i t a t i o n s  of t he  con tac t - l ens  t echn iques .  
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D. A p p l i c a t i o n s   t o  Basic Experiments -~ _ _ ~  i n   V i s i o n  
If Spontaneous"  Reappearance.   Studies  performed  with  contact-lens 
s t a b i l i z a t i o n  p r o c e d u r e s  h a v e  a l l  i n d i c a t e d  that t h e  f i x a t e d  o b j e c t  d i s -  
appears ,   and  then  reappears   f rom time t o  t i m e .  Two a l t e rna t ive   hypo theses  
have   been   of fe red   to   account   for   th i s   reappearance .  I t  has  been  sug- 
ges t ed  tha t  t he  r eappea rance  i s  a mani fes ta t ion  of  some unknown neura l  
p r o c e s s   w h i c h   r e - e s t a b l i s h e s   v i s i o n .   A c c o r d i n g   t o   t h i s   i n t e r p r e t a t i o n ,  
the form of  the regenerated images may f u r n i s h  i n s i g h t s  i n t o  t h e  n a t u r e  
of neura l   mechanisms.   Al te rna t ive   explana t ions  are tha t   the   reappearances  
a re  caused  by s l i p p a g e  of t h e  c o n t a c t  l e n s  ( a n d  h e n c e  a r e  a r t i f a c t s  of 
t h e  a p p a r a t u s ) ,  or by l a c k  of r i g i d i t y  of t h e  e y e b a l l  i t s e l f .  
I t  has  been demonstrated that  s l ippages as  small as  a few seconds 
of a r c  are  capable   of   causing a s t a b i l i z e d  image t o  r e a p p e a r .  S i n c e  i t  
i s  i m p o s s i b l e  t o  be s u r e ,  w i t h  a c o n t a c t - l e n s  s y s t e m , ! t h a t  e r r o r s  t h i s  
small w i l l  not  occur,   the  cause  of image reappearance  cannot be unequivo- 
ca l ly  de te rmined  wi thout  an  improved  s tab i l iza t ion  device .  
C l o s e l y  r e l a t e d  t o  t h i s  p r o b l e m  i s  the  ques t ion  o f  how long a s t a b i -  
l i z e d  image t a k e s   t o   d i s a p p e a r .  With c u r r e n t   d e v i c e s ,   t h i s  time seems 
t o  change  wi th  the  pa rame te r s  o f  t he  s t imu lus  pa t t e rn ,  and  the  r e su l t s  
are  h i g h l y   v a r i a b l e .   T h i s  would be e x p e c t e d   i f   t h e   p r o c e s s   t h a t   c a u s e s  
a n  i n v i s i b l e  image t o  r e a p p e a r  a l s o  o p e r a t e s  w h i l e  t h e  image is  v i s i b l e .  
For example, i t  is r e a s o n a b l e  t o  assume t h a t  s l i p p a g e  of t h e  l e n s  must  
p ro long   the  t i m e  t o   d i s a p p e a r .   F u r t h e r ,   t h e   i n f l u e n c e   o f   a n y   s u c h  a r t i -  
f a c t  would  depend  upon t h e  p a r a m e t e r s  o f  t h e  s t i m u l u s  i t s e l f  ( e . g . ,  a 
g iven  s l ippage  w i l l  be  more e f f e c t i v e  i n  p r e v e n t i n g  a h igh-cont ras t  image 
from  disappearing  than a low-contrast   one).   Measurements  of  the time of 
d i sappearance  could  be made wi th  much more p rec i s ion  unde r  cond i t ions  of 
optimum s t a b i l i z a t i o n .  
Spatial  and  Temporal  Response  Functions. The a c t i o n  of t h e  v i s u a l  
sys t em i n  t r a n s m i t t i n g  t e m p o r a l  a n d  s p a t i a l  i n f o r m a t i o n  may be eva lua ted  
by measur ing  the  spa t ia l  and  tempora l  f requency  response  curves  for  
human v i s i o n .  However, t h i s   p rocedure   aga in   canno t  be c a r r i e d  o u t  
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adequate ly  unless  the  uncont ro l lab le  changes  produced  by e y e  movements 
a r e  e l i m i n a t e d .  
From analyses  of  the  spa t ia l  and  tempora l  response  func t ions ,  i t  is  
p o s s i b l e  t o  i n f e r  many of t h e  p h y s i o l o g i c a l  a n d  a n a t o m i c a l  c h a r a c t e r i s t i c s  
of t h e  human v isua l   sys tem.   For   example ,   the   spa t ia l   t ransfer   func t ion  
o b t a i n e d  w i t h  s h o r t  f l a s h e s  ( w h i c h  c o n t a i n  a l l  t e m p o r a l  f r e q u e n c i e s )  
i n d i c a t e s  t h a t  t h e r e  i s  s t r o n g  la te ra l  i n h i b i t i o n  i n  t h e  human v i s u a l  
sys tem,  and  y ie lds  quant i ta t ive  measures  of the  spa t i a l  pa rame te r s  o f  
t h a t  i n h i b i t i o n .  
Spat io-Temporal   Interact ion.  On t h e   a v a i l a b l e   e v i d e n c e ,   t h e   s p a t i a l  
and temporal  f requency-response curves are  not  independent  of  each 
o t h e r .  A t  low frequencies ,   for   example,   the   temporal   response i s  
s t rongly dependent  on t h e  s p a t i a l  p a t t e r n  of t h e  s t i m u l u s ,  w h i l e  a t  h i g h  
f r equenc ie s  i t  is n o t .  The  most  complete set of   data   that   could be 
t aken  unde r  these  c i r cums tances  cons i s t s  o f  t he  spa t i a l  r e sponse  cu rve  
for   every  temporal   f requency (or v ice   ve r sa ) .   Appara tus   fo r  mapping 
th i s  comple t e  th re sho ld  su r face  i s  ava i lab le ,  bu t  on ly  wi th  an  uns tab i -  
l i z e d  r e t i n a l  image. 
I t  seems s i g n i f i c a n t  t h a t  t h e  v e l o c i t y  of t h e  s o - c a l l e d  " d r i f t "  
component  of involuntary  eye  movements is approx ima te ly  equa l  t o  the  
r a t i o  of t h e  most e f f ec t ive  t empora l  f r equency  to  the  most e f f e c t i v e  
spa t i a l  f r equency  ( in  the  va r ious  spa t i a l  and  t empora l  r e sponse  expe r i -  
ments  that  have  been  conducted so  f a r ) .  T h i s  s u g g e s t s  t h a t  t h e  s p a t i a l  
r e sponse  in  the  p re sence  of  image  motion is a t  l e a s t  p a r t l y  c o n t r o l l e d  
by the  temporal   response.  I t  would  be h i g h l y  d e s i r a b l e  t o  s e p a r a t e  t h e  
e f f e c t s  of image motion from the other properties of t h e  v i s u a l  sys t em 
by performing spat io- temporal  experiments  with a s t a b i l i z e d  image. 
Color-Vision  Mechanisms.  There i s  good in -v i t ro   ana tomica l   ev i -  
dence  tha t  t he  human r e t i n a  c o n t a i n s  t h r e e  p o p u l a t i o n s  of cone receptors,  
each  popula t ion  conta in ing  a d i f f e r e n t  o n e  of t h ree  v i sua l  p igmen t s .  
However, no one has y e t  been  successfu l  i n  demonst ra t ing  the  perceptua l  
c o r r e l a t e s  of th i s   f ac t .   Fo r   example ,   t he   s imp les t   t heo ry  would  pre- 
d i c t  t ha t  t he  s t imu la t ion  o f  any  s ing le  cone  would g i v e  rise t o  t h e  
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percep t ion   o f  one of t h r e e  colors. However, i t  may be t r u e  t h a t  color 
pe rcep t ion  occur s  on ly  when pa r t i cu la r  combina t ions  o f  cones  are stimu- 
l a t e d  s i m u l t a n e o u s l y .  The e x c i t a t i o n  o f  small sets of  cones  has  been 
a t tempted  by s t i m u l a t i n g  t h e  e y e  w i t h  p o i n t s  of l i g h t  i n  v e r y  s h o r t  
f l a s h e s ,  b u t  t h e  r e s u l t s  are equivoca l ,  poss ib le  because  of t he  sho r t -  
n e s s  of the  f l a s .hes .  The  experiment has a l so  been  a t tempted  with  longer  
e x p o s u r e s  i n  a c o n t a c t - l e n s  s t a b i l i z e d  image, b u t  a g a i n  t h e  r e s u l t s  are  
equ ivoca l ,  p robab ly  because  o f  t he  imper fec t  s t ab i l i za t ion  ach ieved .  
The r e s u l t s  o f  t h i s  t y p e  of experiment would be more c l ea r - cu t  w i th  more 
p r e c i s e  image s t a b i l i z a t i o n .  
S t e r e o p s i s .  The motions  of   the  t w o  eyes  are correlated, b u t   t h e  
correspondence i s  no t   pe r f ec t .   (The   va r i ance   o f   t he   d i f f e rence   i n  
d i r ec t ion  o f  mot ion  o f  t he  t w o  eyes  i s  abou t  t he  same as  t h e  v a r i a n c e  
of   the   mot ion   of   each   eye   a lone . )   Therefore ,   s te reoscopic   v i s ion  may 
be s t r o n g l y  a f f e c t e d  by eye movements. A t t e m p t s  t o  s t u d y  t h i s  q u e s t i o n  
by producing a s t a b i l i z e d  image i n  b o t h  e y e s  a t  t h e  same time, us ing  two 
con tac t  l enses  and  a s soc ia t ed  op t i c s ,  have  a l so  y i e l d e d  e q u i v o c a l  r e s u l t s .  
Eye-Movement Control  Mechanisms.  In  order t o  s t u d y   t h e   f i n e   c o n t r o l  
of  eye movements themselves,  it i s  f r e q u e n t l y  d e s i r a b l e  t o  "open t h e  
loop"--that is, t o  i n t e r f e r e  w i t h  t h e  o p e r a t i o n  o f  t h e  p h y s i o l o g i c a l  
eye-movement c o n t r o l  s y s t e m  by p reven t ing  the  movements  from  producing 
t h e i r   u s u a l   v i s u a l   c o n s e q u e n c e s .  The c o n t a c t - l e n s   s t a b i l i z a t i o n   t e c h -  
n ique  may be  prec ise  enough for  such  s tudies ,  bu t  on ly  when the  con tac t  
l e n s  is  v e r y  c a r e f u l l y  f i t t e d .  Thus it  i s  d i f f i c u l t  t o  s t u d y  a l a r g e  
number  of obse rve r s .  The d e v i c e  t h a t  w e  a re  developing may be usab le  
wi th  a large number  of o b s e r v e r s  a n d ,  f o r  t h i s  r e a s o n ,  may provide use- 
f u l  i n f o r m a t i o n  a b o u t  i n d i v i d u a l  d i f f e r e n c e s  i n  eye-movement c o n t r o l .  
This  should  be of p a r t i c u l a r  i n t e r e s t  w i t h  r e s p e c t  t o  n e u r o l o g i c a l  
d i s e a s e s .  
F l i c k e r   S e n s i t i v i t y .  A t  low f requencies   and   h igh   br ightnesses ,  
more f l i c k e r  s e n s i t i v i t y  is  ob ta ined  wi th  a small c i r c u l a r  t a r g e t  ( o n  
a dark   sur round)   than   wi th  a wide- f ie ld  ta rge t .  To test  the   hypo thes i s  
t h a t  t h i s  b e h a v i o r  i s  due t o  eye  movements a c r o s s  t h e  s h a r p  e d g e s  of 
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t h e  s m a l l  t a r g e t ,  t h e  same experiment has also been conducted with the 
t a r g e t   s t a b i l i z e d   ( b y   t h e   c o n t a c t - l e n s   t e c h n i q u e ) .  The r e s u l t s  were 
n e g a t i v e ,  b u t  a g a i n  t h e  s t a b i l i z a t i o n  w a s  p robably  imperfec t  (e .g . ,  the  
ta rge t  d id  not  comple te ly  d isappear  dur ing  the  severa l  seconds  in  which  
t h e  t h r e s h o l d  s e t t i n g s  were made). 
I t  has a l s o  been shown t h a t  s u b l i m i n a l  f l i c k e r  i n  a n  a n n u l a r  s u r -  
round  can  a f f ec t  t he  low- f requency  th re sho ld  in  a small c i r c u l a r  f i e l d .  
These experiments  did not  use a s t a b i l i z e d  image,  and t h e  t a r g e t  f i e l d  
w a s  only 40 minutes  in  d iameter  (which  i s  n o t  much g r e a t e r  t h a n  t h e  
largest   involuntary  eye  movements) .  I t  would  be  of c o n s i d e r a b l e   s i g n i f i -  
c a n c e  t o  c o n d u c t  t h i s  t y p e  of experiment with a p r e c i s e l y  s t a b i l i z e d  
image. 
E. Exper iments   o f   In te res t   in   Appl ied   F ie lds  
Information  Displays.  The b a n d p a s s   c h a r a c t e r i s t i c s  of t h e  human 
v i s u a l  sys t em may be used t o  o p t i m i z e  c e r t a i n  f o r m s  o f  v i s u a l  d i s p l a y s .  
For  example, i f  a d i s p l a y  were in t roduced  to  an  observer  th rough an  
i m a g e - s t a b i l i z i n g  d e v i c e ,  a l l  a s p e c t s  of t h e  d i s p l a y  t h a t  were no t  
changing i n  t i m e  would disappear,  and only changing signals would be 
v i s i b l e .  Moving o b j e c t s  would t h u s  be p a r t i c u l a r l y   n o t i c e a b l e .   I f  
photographs taken on success ive  days were p r e s e n t e d  i n  movie form through 
a n  i m a g e - s t a b i l i z e r ,  o b j e c t s  new on the  scene  would be immediately ob- 
s e r v e d .   S i m i l a r l y ,   s e l e c t e d   s t a t i o n a r y   o b j e c t s   c o u l d  be made t o  change 
i n  b r i g h t n e s s  i n  a s t a b i l i z e d  d i s p l a y ,  so tha t  t hey  a lone  would be 
v i s i b l e .  
Medical   Applicat ions.  Very p rec i se   t r ack ing   w i thou t   t he   necess i ty  
of f i t t i n g  a c o n t a c t  l e n s  may be useful  in  medicine.   For  example,  
o p t i c a l l y  i n d u c e d  l e s i o n s  ( e . g . ,  w i t h  l a s e r  l i g h t )  may be made wi th  
g r e a t e r  p r e c i s i o n .  The laser could  be t r iggered   f rom  an   eye- t racking  
device  so t h a t  i ts  rays  w i l l  s t r i k e  one  prec ise ly  def ined  par t  o f  the  
r e t i n a .  
Ophtha lmoscopic  examinat ion  of  the  re t ina  cur ren t ly  provides  a 
g rea t  dea l  o f  i n fo rma t ion  abou t  neu ro log ica l ,  c i r cu la to ry ,  and  o the r  
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general  conditions of the  patient.  However,  the  res6lution of such an 
examination  is  limited by the  movements  of  the  patient's  eyes.  If  the 
examination  were  carried  out  through an eye  tracker,  this  limitation 
would  be  eliminated,  and  microscopic  structure  could  be  examined  in  much 
more  detail. 
The  resolution of retinal  photographs  is  similarly  limited.  The 
light  must  be  delivered  in a very  short  flash,  in  order  that  the  photo- 
graph  is  not  blurred by eye  movements. A s  a consequence,  the  flash  must 
be  exceedingly  intense.  Photographs  through an eye  tracker  could  be 
taken  with  longer  exposures,  thus  increasing  the  resolution  and  de- 
creasing  the  required  intensity  of  illumination. 
Bandwidth  Compression.  The  transmission  and  storage  of  visual 
information  (as  in  the  form  of  motion  pictures or  television  signals) 
at  present  assumes  that  the  spatial  and  temporal  response  coordinates 
of  the  ultimate  receiving  system--the  human  eye--are  independent.  In 
fact,  this  is  not  the  case, as much  of  the  work  mentioned  above  confirms. 
Thus it  may  not  be necessary  to  provide  a  completely  independent  (spatial) 
picture  element for  each  new  (temporal)  sampling  instant-, or vice  versa, 
as present  transmission  and  storage  systems  now  do.  In  order to design 
suitable  encoding  systems,  however,  it  is  necessary  to know the  exact 
nature  of  the  interdependence  between  these  coordinates  in  the  visual 
system.  In  other  words,  we  must  obtain  direct  and  complete  measurements 
of spatio-temporal  interaction,  both  with  and  without  eye  movements. 
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I I BASIC  SCAN TECHNIQUE 
Direct t r a c k i n g  of t h e  f u n d u s  p a t t e r n  may be appea l ing ,  bu t  the  
q u e s t i o n  i s  j u s t  how to  go  abou t  ach iev ing  such  t r ack ing .  An a n a l y s i s  
by Cornsweet ,   o f   the   poss ib i l i ty   o f   t rack ing   the   edge   pos i t ion   o f  a 
* 
s i n g l e  r e t i n a l  b l o o d  vessel wi th  a very  small, i n t e n s e  s p o t  of l i g h t ,  
showed t h a t  t o  a c h i e v e  t h e  r e q u i r e d  s i g n a l - t o - n o i s e  r a t i o  f o r  satis- 
f a c t o r y  t r a c k i n g ,  t h e  s p o t  would  have t o  be so i n t e n s e  t h a t  t h e r e  would 
be s e r i o u s  r i s k  of t i s s u e  damage.  The same amount  of  energy  spread  out 
ove r  t he  e n t i r e  re t ina  would  be qui te  harmless ,  however,  and t h e r e f o r e  
u s e f u l   f o r  some form  of c o r r e l a t i o n   t r a c k i n g . "   I n   t h e   l a t t e r   c a s e   t h e  
t r ack ing  in fo rma t ion  cou ld  be obtained from a l a r g e  a r e a  o f  t h e  r e t i n a - -  
e .g . ,  t he  b lood  vesse l  pa t t e rn ,  and  pe rhaps  o the r  s t ruc tu res  a s  w e l l .  
A d e v i c e  f o r  t r a c k i n g  t h e  r e t i n a  i n  t h i s  way might  opera te  in  the  
fo l lowing  fash ion:  
I 1  
(1) A real  image of t h e  r e t i n a  i s  formed e x t e r n a l l y ,  a s  
i n  a fundus  camera;  motions of t h i s  image then  cor re-  
spond to  mot ions  of t h e  eye .  
( 2 )  A previous ly   recorded  image  of t h i s  r e t i n a l  p a t t e r n  
i s  s t o r e d  i n  some type  of memory. 
(3) An image-cor re la t ion   device  is used t o  compare t h e  
s t o r e d  p a t t e r n  w i t h  t h e  p r e s e n t  p a t t e r n .  
In  genera l ,  such  a device cannot  measure the displacement  direct ly ,  
but can only decide whether a s ign i f i can t  d i sp l acemen t  has  occur red .  
I t  must t h e r e f o r e  be i n c o r p o r a t e d  i n t o  a servo loop, which moves t h e  
real  image of t h e  r e t i n a l  p a t t e r n  u n t i l  i t  i s  i n  r e g i s t r a t i o n  w i t h  t'he 
s t o r e d   p a t t e r n .  The x-, y-, and  torsion-component  motions  that   are 
* 
T. N. Cornsweet, Recent Developments in   Vis ion   Research ,  M. A.  Whitcomb, 
Ed., Armed Forces--NRC Committee  on  Vision,  Publication 1272 (Nat iona l  
Academy of Sciences, National Research Council, Washington, D. C. , 1966). 
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r e q u i r e d  t o  keep  the  real-time p a t t e r n  a l i g n e d  w i t h  t h e  s t o r e d  p a t t e r n  
are t h e  t h r e e  measures t h a t  w e  seek.  Simultaneously,  these  component 
motions could be a p p l . i e d  t o  a n y  d e s i r e d  target, provid ing  au tomat ic  
compensation of i t s  image motion a t  t h e  r e t i n a .  
I n  e x p l a i n i n g  t h e  basic scanning system that  has  evolved from our  
s t u d i e s ,  we w i l l  no t  be c o n c e r n e d  i n i t i a l l y  w i t h  e n e r g y  l e v e l ,  n o i s e ,  
o r  o t h e r  r e q u i r e m e n t s  f o r  u s e  w i t h  a real e y e .  F i r s t ,  w e  w i l l  simply 
assume t h a t  w e  have a two-dimensional object,  such as  a photograph, 
whose p o s i t i o n  w e  wish t o  t r a c k .  As noted  above, t o  detect movement 
w e  must  compare t h e  p r e s e n t  p o s i t i o n  o f  t h e  p a t t e r n ,  or a t  l e a s t  some 
por t ion   o f  i t ,  w i t h  a previous  measure  of i ts  p o s i t i o n .  T h i s  r e q u i r e s  
a s t o r a g e  f u n c t i o n  o f  some so r t ,  w i th  f ac i l i t y  fo r  subsequen t  compar i son  
The brute-force approach would be t o  r e c o r d  a n  e n t i r e  copy  of t h e  two- 
dimensional  scene--obtained,  for  example, by a TV scan--and  compare t h e  
en t i re   pa t te rn   f rame-by-f rame.   In   o rder   to   min imize   bandwidth ,   s torage  
capac i ty ,  and  cos t ,  however, l e t  us   consider   whether  a one-dimensional 
scan  could  not  provide  a l l  three motion components--i .e. ,  x, y, and Cy 
( t o r s i o n ) .  We w i l l  now show how a s i n g l e - l i n e  c i r c u l a r  s c a n ,  a s  i n  
Fig. l ( a ) ,  can i n  f a c t  p r o v i d e  t h e  n e c e s s a r y  i n f o r m a t i o n .  
FIG. 1 
TI-6319-2 
(a) CIRCULAR SCAN RASTER 
ON SCHEMATIC  BLOOD 
VESSEL PATTERN 
(b) FORM OF OUTPUT 
CONTROL  CHARACTERISTIC 
WITH TORSIONAL  MOVEMENT 
Let f ( 0 )  be the  r ea l - t ime  v ideo  s igna l  ob ta ined  f rom such  a c i r c u l a r  
scan, and assume f o r  t h e  moment t h a t  w e  are  i n t e r e s t e d  o n l y  i n  d e t e c t i n g  
to r s iona l  changes - - i . e . ,  r o t a t ion  of the  pa t t e rn  abou t  t he  cen te r  o f  t he  
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c i r c u l a r  scan. Iet f (8) be t h e  v i d e o  s i g n a l  t h a t  w e  o b t a i n  when t h e  
p a t t e r n  is i n  its nominal  posi t ion,  so t h a t  f o r  a p u r e  r o t a t i o n  a, t h e  
r e s u l t i n g  s i g n a l  is f(8) = f (8 - a). The  problem  of  course is t o  
determine a. 
0 
0 
I f  w e  s imply  form the  c ross -cor re la t ion :  
then  we c a n n o t  f i n d  t h e  d i r e c t i o n  o f  r o t a t i o n  ( i . e . ,  t h e  s i g n  of CY), be- 
cause  the  c ros s -co r re l a t ion  func t ion  C ( a )  i s  an even funct ion of  cY--i.e., 
C ( a )  = C(-a). But i f  t h e  o u t p u t  s i g n a l  i s  t o  be u s e d  i n  a closed-loop 
s e r v o  s y s t e m  t o  s t a b i l i z e  t h e  p a t t e r n  p o s i t i o n ,  t h e  d i r e c t i o n  of move- 
ment i s  i n  f a c t  e v e n  more important   than  the  magni tude.  To determine 
the . p o l a r i t y  of t h e  s i g n a l  w e  need  two  re fe rence  s igna l s  t o  compare 
a g a i n s t ,  so t h a t  w e  can note  whether  the movement b r o u g h t  u s  c l o s e r  t o  
one o r  t h e  o t h e r .   S u p p o s e ,   f o r   e x a m p l e ,   t h a t   i n s t e a d   o f   s t o r i n g   j u s t  
t h e  f u n c t i o n  f (81, w e  i n i t i a l l y  s t o r e  two copies ,  fo(8  - 6 )  and 
f (8 + 6), s l i g h t l y  r o t a t e d  f r o m  e a c h  o t h e r .  Now w e  form t h e  f u n c t i o n :  
0 
0 
where T i s  t h e  f u n c t i o n  
T ( a )  i s  a l s o  z e r o ,  
t i o n  of 6--i .e. ,  
m s f o ( 8  
0 
More g e n e r a l l y ,  w e  
m 
6 )  f ( 8  - a) de - f (8 + 6 )  f o ( 8  - a) de (2) 
0 
0 
0 
of tors iona l   change ,  a. For CY = 0, w e  see t h a t  
s i n c e  t h e  basic c r o s s - c o r r e l a t i o n  i s  an even func- 
see t h a t  
T ( a )  = -T(-a)  . 
That is, T i s  i n  f a c t  a n  odd f u n c t i o n  of CY, which y i e l d s  t h e  desired 
p o l a r i t y  i n f o r m a t i o n ,  as  shown i n  F i g .  l ( b ) .  
The magnitude of de l ay  6 used  in  fo rming  the  two s t o r a g e  f u n c t i o n s  
f ( 8  - 6 )  and f (8 + 6 )  a d j u s t s  t h e  s e n s i t i v i t y  o f  the  system. In t h e  
p r e s e n t  case, the  magnitude  of 6 would probably be set c l o s e  t o  t h e  
0 0 
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resolution  limit  of  the  system--namely,  about  one  minute  of  arc. 
(General  discussion  of  system  specifications  is  delayed  until  Sec.  IV-A.) 
But regardless of the  choice  of S, for  small 6, the  torsional  function 
will  have  the form  sketched  in  Fig. l ( b ) .  
Actually,  the  torsional  control  function T(a) as expressed  in Eq. 
(2) would  be  very  difficult  to  obtain  directly,  for  physical  reasons. 
In  the  present  application,  we are looking  for  extreme  sensitivity 
( 6  set near the  resolution  limit  of  the  system), and the  light  levels 
at  best  will be very  low, so that  we  expect a relatively  poor  signal- 
to-noise ratio  in the  video  signal.  Thus,  the  difficulty  is  that T((Y) 
as expressed  in E q .  (2) is a small  difference  between  two  relatively 
large  numbers, so that  the  direct  approach  of  storing  two  noisy  copies, 
f (8 - 6) and fo(8 + 61, obtained  initially  from  two  separate  scans,  and 
then  forming  two  cross-correlation  functions  in  two  independent  devices, 
and finally  differencing,  could  hardly  be  expected  to  work. 
0 
Fortunately,  the  function  in E q .  (2) is  distributive,  and  can  be 
rewritten  in  the  form 
which  shows  that  we  need  only  perform  the  delay and differencing  of a 
single  initial  scan for the  storage  function,  and  use  only a single 
correlator  to achieve the  control  function.  If  we  define f as the 
storage  function--i.e., 
6 
f = fo(8 - 6) - f ( 0  + 6 )  6 0 
then Eq. ( 5 )  can be rewritten as 
or more  generally, 
m 
T ( a )  = f6 f(8) d8 . 
0 
12 
A sys t em fo r  i n s t rumen t ing  the  func t ion  T ( a )  i n  t h i s  f a s h i o n  is 
shown s c h e m a t i c a l l y  i n  F i g .  2, where, f o r  s i m p l i c i t y  of n o t a t i o n ,  t h e  
SYNC 
SIGNAL 
VI DE0 
f (8-8) 
COS 8 
T I - 6 3 1 9 - 1  
FIG.2 CROSS-CORRELATING  THE  VIDEO  SIGNAL FROM THE SCANNER 
AGAINST  A  PREVIOUSLY STORED MASTER, TO  DETECT X, Y, 
AND T MOVEMENTS 
i npu t   v ideo   s igna l  i s  l a b e l e d  f ( B  - 6 ) .  With the   u se  of a 26 de lay  
l i n e  w e  can   form  the   s tored   re ference ,  f This  i s  done  only  once, 
i n i t i a l l y ,   a s   i n d i c a t e d  by the  switch.   (Note  that   he   reference  func-  
t i o n ,  f 6 ,  now has  no  dc  component t o  be stored,  which i s  an  important 
advantage.  ) 
6 ’  
While t r a c k i n g ,  f i s  con t inuous ly   co r re l a t ed   w i th   t he  real-time 6 
v i d e o  s i g n a l ,  f ( 8 )  ( i . e . ,  mu l t ip l i ed  and  in t eg ra t ed  ove r  t he  du ra t ion  of 
one  frame) t o  d e t e r m i n e  t h e  t o r s i o n  f e e d b a c k  s i g n a l .  As w e  saw i n  F i g .  
l ( b ) ,  t h e  extreme p o s i t i v e  a n d  n e g a t i v e  v a l u e s  of t h i s  t o r s i o n  s i g n a l  
occur  when the  fundus  has  ro t a t ed  by j u s t  t h e  amount +6, but a roughly 
p r o p o r t i o n a l  c o r r e c t i o n  w i l l  be appl ied  everywhere  wi th in  th i s  range .  
13 
Thus f a r  w e  have  d i scussed  on ly  the  to r s iona l  component of motion. 
Actua l ly ,  w e  can determine the x and y components of motion i n  t h e  same 
manner as  t h e  t o r s i o n a l  component, i f  b e f o r e  i n t e g r a t i n g  w e  t a k e  t h e  
proper  components  of  the video s ignal--mult iplying by s i n e  o r  c o s e ,  as  
shown i n  F i g .  2--so t h a t  w e  have 
m 
. 6  0 
x(x) = f f ( 0 )   s i n 0  de 
and 
The c o n t r o l  f u n c t i o n s  X(x> and Y ( y )  have the same basic form as  t h a t  
shown i n  F i g .  l ( b ) ,  e x c e p t  t h a t  t h e  e x t r e m e  p o s i t i v e  a n d  n e g a t i v e  v a l u e s  
occur  for  fundus  movements i n  t h e  x o r  y d i r e c t i o n  of magnitude +R6, 
where R is t h e   r a d i u s  of the   scanning   c i rc le .   Again ,  a p r o p o r t i o n a l  
c o r r e c t i o n  w i l l  be made fo r  sma l l e r  d i sp l acemen t s ,  l imi t ed  on ly  by t h e  
s i g n a l - t o - n o i s e  r a t i o .  
To show tha t  these  quadra ture  components  conta in  . the  maximum 
a v a i l a b l e  p o s i t i o n  i n f o r m a t i o n  ( a n d  o n l y  t h a t ) ,  l e t  us  fo l low through a 
s impl i f i ed   ca se   o f  X d i sp lacement ,   as  shown i n  F i g .  3. Here the   v ideo  
s i g n a l  i s  assumed t o  c o n s i s t  of two broad pulses occurring approximately 
a t   t he   t op   and   bo t tom of t h e  s c a n n i n g  c i r c l e .  The f i r s t  f o u r  l i n e s  of 
t h e  f i g u r e  i l l u s t r a t e  t h e  f o r m a t i o n  of t h e  s t o r e d  d i f f e r e n c e  s i g n a l  f 
f rom  the  reference  f rame,  f . Note t h a t  f c o n t a i n s  a p o s i t i v e   p u l s e  
0 6 
a t  each leading edge and a nega t ive  pu l se  a t  e a c h  t r a i l i n g  e d g e  of t h e  
o r ig ina l  b road  pu l ses  o f  f . 
6’ 
0 
The f i f t h  l i n e  shows a r e a l - t i m e  v i d e o  s i g n a l  f ( B ) ,  i n  w h i c h  a hor i -  
zontal   d isplacement   of  fR6 has now o c c u r r e d .   T h i s   a d v a n c e s   t h e   f i r s t  
broad pulse  so t h a t  it c o r r e l a t e s  w i t h  t h e  f i r s t  p o s i t i v e  p u l s e  of f 
and  re ta rds  the  second broad  pulse  so t h a t  i t  c o r r e l a t e s  w i t h  t h e  s e c o n d  
negat ive   pu lse   o f  f as shown in   L ine  6 o f   t h e   f i g u r e .   I n   t h i s   c a s e ,  
the   p roduct  f * f ( 0 )  would i n t e g r a t e   t o   z e r o ;  as  it should ,   s ince  w e  
have   pos tu la ted   no   to rs ion .  But i f   t h i s   p r o d u c t  is f i r s t  m u l t i p l i e d  by 
6’ 
6.’ 
6 
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FIG. 3 TRACING  THE  CROSS-CORRELATION PROCESS FOR DETECTING 
HORIZONTAL MOVEMENT 
s i n e ,  t h e  s i g n  of t h e  n e g a t i v e  p u l s e  i s  r e v e r s e d ,  a n d  t h e  i n t e g r a l  of 
t h e  l a s t  l i n e  is r o u g h l y  p r o p o r t i o n a l  t o  t h e  n e t  p o s i t i v e  x movement. 
If t h e  x disp lacement  had  been  in  the  oppos i te  d i rec t ion ,  bo th  
p u l s e s  i n  t h e  l a s t  l i ne  ( and  hence  i t s  average)  would  have  been  negative. 
An e n t i r e l y  a n a l o g o u s  d e r i v a t i o n  of t h e  Y disp lacement  s igna l  is ob ta ined  
by i n t e g r a t i n g   t h e   p r o d u c t  f f(8) c o s e .   I n   t h e   i l l u s t r a t e d  case of x 
movement on ly ,  t h i s  p roduc t  would of c o u r s e  i n t e g r a t e  t o  z e r o .  
6 
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A s  in  any  correlator,  major  noise  suppression  results  from  integra- 
tion  over  a  complete  frame;  the  use of the  quadrature  components  makes 
this  averaging as effective as possible  without  throwing  away  any  signifi- 
cant  position  information.  Thus,  the  video  signal  is  most  sensitive to
x-displacement  at 8 = rr/2 and 3?l/2--i.e., the  x-component  of  the  scan 
velocity  is  greatest  at  these  points--and  these  are  just  the  points  at 
which  the  integration  is  most  heavily  weighted by the  sine  wave  in  Fig. 
3. If  the  product  f - f(0) were  multiplied by a  square  wave  instead 
of  the  sine  wave,  this  would  not  necessarily  produce  erroneous  position 
information,  but  it  would  introduce  considerably  more  noise  in  the 
vicinity  of 0 = 0, 0 = T, etc. 
6 
With  these  principles  governing  the  proposed  scanning  system,  let 
us  now  consider  how  we  may  achieve  such  a  scanning  operation  in  the 
present  application.  In  Sec. IV we  will  return  to  a  more  detailed  set 
of  specifications f o r  the  scanning  process,  and  in  particular  to  some 
initial  results  from  a  computer  simulation  of  the  process. 
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I11 THE FUNDUS CAMERA 
I n  Sec. I1 w e  developed a set  o f  con t ro l  a lgo r i thms  fo r  eye - t r ack ing ,  
on t h e  basis of a s i n g l e - l i n e  c i r c u l a r  s c a n  of the fundus image.. k t  u s  
now cons ide r  how w e  can  phys ica l ly  r ea l i ze  such  a scanning  process ,  in  
real  t i m e ,  i n  t h e  case of t h e  human re t ina .  A s t ra ight forward   approach  
would  be t o  use t h e  o p t i c s  o f  a fundus camera, but  with a T V  camera 
t u b e  t o  s c a n  t h e  r e t i n a l  image t h a t  i s  normally formed on t h e  f i l m .  
Though th i s  t echn ique  migh t  work, a s i g n i f i c a n t  improvement  can be  ob- 
t a i n e d  by i n v e r t i n g  t h e  p r o c e s s - - i . e . ,  u s i n g  a f l y i n g - s p o t ,  c i r c u l a r -  
s c a n n i n g  l i g h t  s o u r c e  i n  t h e  n o r m a l  f i l m  p l a n e  ( t o  be p r o j e c t e d  o n t o  
t h e  r e t i n a ) ,  a n d  p u t t i n g  a broadband photodetec tor  in  p lace  of  the  
normal   l igh t   source .  To a p p r e c i a t e   t h e   n a t u r e  of t h e  improvement, l e t  
us  f i r s t  r ev iew the  bas i c  ope ra t ion  of a high-quality fundus camera.  
A .  Basic Operation 
The o p t i c a l  c o n f i g u r a t i o n  o f  t h e  new Zeiss fundus  camera i s  shown 
i n   F i g .  4 .  In   Fig.  5 w e  have   separa ted   the   input   and   ou tput   pa ths   to  
h e l p  e x p l a i n  t h e  o p e r a t i o n .  The b a s i c  i d e a  i s  t o  form  an  external  image 
of t h e  r e t i n a l  p a t t e r n  by means  of i n p u t  l i g h t  t h a t  i s  r e f l ec t ed  f rom 
the  fundus  and  passes  back  out  through  the e y e .  The main  problems i n  
the design of  such an instrument  are  (1) to  p rov ide  enough  l igh t ,  ( 2 )  
to  main ta in  h igh  reso lu t ion ,  and  (3) t o  e l i m i n a t e  unwanted l i g h t  s c a t t e r  
and  re f lec t ions  (pr imar i ly  f rom the  cornea)  that might  cause  g la re  in  
the  r e su l t i ng  pho tographs .  
I n  t h i s  i n s t r u m e n t ,  r e f l e c t e d  l i g h t  f r o m  t h e  c o r n e a  i s  e1iminate.d 
by u s i n g  g e o m e t r i c a l l y  s e p a r a t e  p o r t i o n s  o f  t h e  p u p i l  f o r  t h e  i n p u t  
and   ou tpu t   l i gh t .   I n   no rma l   u se ,   t he   i npu t   l i gh t   pas ses   t h rough   an  
annu la r  r eg ion  of the  pupi l ,  where  the  inner  d iameter  of  the  annulus  
is 2.3 mm. Ref lec ted   l igh t   f rom  the   re t ina ,   which   forms   the   ex te rna l  
image i n  the  f i lm  p lane ,  pas ses  on ly  th rough  the  cen t r a l  r eg ion  of t h e  
annulus.   This  arrangement has t h e   a d v a n t a g e   t h a t   " h i g h - r e s o l u t i o n   l i g h t "  
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SOURCE: Zeiss Fundus Camera Operating Instructions (1965), issued by Carl Zeiss, Oberkocken, W. Germany. 
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FIG.4 OPTICS OF THE ZEISS FUNDUS CAMERA 
f o r  f o r m i n g  t h e  e x t e r n a l  image passes  on ly  th rough  the  cen t r a l  r eg ion  of 
t h e  e y e  l e n s ,  w h i c h  t e n d s  t o  m i n i m i z e  o p t i c a l  a b e r r a t i o n s .  
Let u s  now cons ide r  how th is   geometry  is  ac tua l ly   ach ieved .   In   F ig .  
4, t h e  i n p u t  a n d  o u t p u t  l i g h t  p a t h s  s e p a r a t e  a t  t h e  m i r r o r  l a b e l e d  ( 5 ) ,  
w h i c h  h a s  a n  e l l i p t i c a l  h o l e  t h a t  a p p e a r s  c i r c u l a r  when projected toward 
the   eye  (7 ) .  I n   t h e   i n p u t   p a t h ,   t h e   f l a s h   t u b e  (1) is imaged i n   t h e  
r eg ion  ( 4 )  where t h e  s i z e  of the  annulus  can  be f u r t h e r  l imi t ed  by se l ec -  
t i o n  of one of s e v e r a l  b u i l t - i n  a p e r t u r e  s t o p s .  T h i s  a n n u l u s  i n  t u r n  
is imaged a t  t h e  m i r r o r  (5) where t h e  c e n t r a l  z o n e  i s  n o t  r e f l e c t e d ;  t h e  
18 
( b )  
SOURCE: Zeiss  Fundus Comero Operating Instructions (1965), issued by Carl Zeiss, Oberkocken, W. Germany. 
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FIG. 5 SCHEMATIC OF THE  INPUT AND OUTPUT  OPTICAL  PATHS 
OF THE FUNDUS CAMERA 
19 
r e s u l t i n g  a n n u l a r  p a t t e r n  is then  focussed  a t  t h e  f r o n t  o f  t h e  eye ,  
n o m i n a l l y  i n  t h e  s u b j e c t ' s  p u p i l  p l a n e .  L i g h t  e n t e r i n g  t h e  eye  through 
th i s  annu la r  zone  i l l umina te s  the  r e t ina  qu i t e  un i fo rmly .  
In  the  ou tpu t  sys t em,  F ig .  5 (b ) ,  l i gh t  can  r each  the  camera  plane' 
(12 )   f rom  th ree   sou rces :   unwan ted   l i gh t   r e f l ec t ed   f rom  the   ob jec t ive  
l e n s  ( 6 ) ;  unwanted l i g h t  r e f l e c t e d  from t h e  f r o n t  s u r f a c e s  of the  eye ;  
a n d   t h e   d e s i r e d   l i g h t   o r i g i n a t i n g   f r o m   t h e   r e t i n a .  Lens ( 6 )  i s  designed 
t o  minimize  any  infocus  re f lec t ions ,  so  t h a t  v e r y  l i t t le  r e f l e c t e d  l i g h t  
can  pass   back  through  the small opening  of   the  mirror  (5). To under- 
s t a n d  how l i g h t  r e f l e c t e d  f r o m  t h e  c o r n e a  i s  e l imina ted ,  cons ide r  t h e  
pa th   o f   such   r e f l ec t ed   l i gh t .   Neg lec t ing   abe r ra t ions ,   co l l ima ted   i npu t  
l i g h t  i s  r e f l e c t e d  f r o m  a convex mirror as  though from a v i r t u a l  s o u r c e  
in  the  r /2  p l ane ,  where  r is t h e  r a d i u s  of t h e  m i r r o r ,  i n  t h i s  c a s e  
the   r ad ius   o f   t he   co rnea  [see Fig .   6 (a) ] .   Converse ly ,   l igh t   converg ing  
t o  a n y   p o i n t   i n   t h e   r / 2   p l a n e  i s  r e f l e c t e d  as  a co l l ima ted  beam. I f  
the  converging beam is  d i sp laced  f rom the  ax i s ,  a s  i n  F ig .  6 (b ) ,  t hen  
t h e  r e t u r n  beam w i l l  be a t  a n  a n g l e  t o  t h e  o p t i c a l  a x i s .  T h i s  a n g l e  
i s  r e a d i l y  determined by n o t i n g  t h a t  a n  i n p u t  r a y  directed a t  t h e  c e n t e r  
of   curva ture  i s  r e f l e c t e d  on i t s e l f .  Thus, the   nominal ly   co l l imated  
r e f l e c t e d  beam w i l l  be p a r a l l e l  t o  t h e  r a y  t h a t  p a s s e s  t h r o u g h  t h e  
poin t  of  convergence  and  the  center  of curva ture  [dashed  r a y  i n  F i g .  
6 ( b ) l .  The a n g l e  of r e f l e c t i o n  is simply 
where y is t h e  v e r t i c a l  d i s p l a c e m e n t  of t h e  
a x i s .  To see t h e   e f f e c t  o f   t h e s e   r e f l e c t e d  
the  sys t em con ta in ing  the  eye  toge the r  w i th  
convergence point  f rom the 
beams, c o n s i d e r   i n   F i g .   6 ( c )  
t h e  i n p u t  l e n s  (6)  of   the  
camera, shown i n   F i g .  4 .  Assume t h a t   t h e   i n p u t   a n n u l u s  image i s  formed 
i n  t h e  r / 2  p l a n e  of the  cornea ,  which  a lmost  exac t ly  co inc ides  wi th  the  
r e a l   p u p i l   p l a n e  of t h e  eye .  Assuming, f u r t h e r ,   t h a t   t h e   e y e  i s  focussed 
f o r  i n f i n i t y ,  t h e n  l i g h t  from t h e  r e t i n a  i s  c o l l i m a t e d  a s  i t  l e a v e s  t h e  
e y e  and is imaged i n  t h e  f o c a l  p l a n e  of l e n s  (6). Light   f rom  the  corneal  
r e f l e c t i o n  is  s i m i l a r l y  co l l ima ted  and  the re fo re  a l so  fo rms  an  image 
20 
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FIG.6 HOW REFLECTED  LIGHT FROM THE CORNEA IS  BLOCKED 
FROM THE  OUTPUT  PATH 
i n   t h e   f o c a l   p l a n e   o f   l e n s   ( 6 ) .  However, because  of  the  annular  shape 
of t h e  i n p u t  p a t t e r n ,  t h e  r e f l e c t e d  c o r n e a l  l i g h t  f o r m s  a n  a n n u l a r  image 
i n  t h e  f o c a l  p l a n e  of l ens  (6 ) ,  w i th  an  inne r  r ad ius  de t e rmined  f rom E q .  
(11) .   For   an  inner   input   diameter   of   2 .3  mm a t  t h e  p u p i l  p l a n e ,  y = 1 . 1 5  mm 
and r/2 = 3.9 mm ( t h e  r a d i u s  of cu rva tu re  of the cornea is t y p i c a l l y  
taken as  7.8 mm), o r  B = 16 .5   deg rees .   In   o the r  words, f o r  a 2.3-mm 
c e n t r a l  h o l e  i n  t h e  i n p u t  p a t t e r n ,  r e f l e c t e d  l i g h t  f r o m  t h e  c o r n e a  is a t  
an  ang le  216 .5  deg rees  f rom the  op t i ca l  ax i s .  Th i s  l eaves  a c e n t r a l  
c l e a r  area of a t  least  w = 3 0  d e g r e e s  f o r  t h e  r e t i n a l  image,  which i s  t h e  
f i e l d  s i z e  of t h e  Zeiss ins t rument .  
Thus it should be clear t h a t  e l i m i n a t i o n  of t h e  c o r n e a l  r e f l e c t i o n  
is a ra the r  de l i ca t e  bus iness ,  r equ i r ing  r easonab le  a l ignmen t  o f  the 
s u b j e c t ,  b o t h  a x i a l l y  a n d  l a t e r a l l y .  Of course,   al ignment would be 
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s imple r  w i th  a larger annu lus  ho le ,  bu t  t h i s  would r e s u l t  i n  decreased  
i n p u t  l i g h t .  A smaller a n n u l u s  h o l e ,  i n  o r d e r  t o  i n c r e a s e  t h e  amount 
of i n p u t  l i g h t ,  would r e s u l t  i n  a smaller r e t i n a l  f i e l d  f r e e  o f  r e f l e c t e d  
c o r n e a l  l i g h t ,  and p o o r e r  r e s o l u t i o n .  The des ign  size of 2.3 mm seems 
t o  be a good compromise between a large f i e l d  a n d  r e a s o n a b l e  t o l e r a n c e  
i n  a 1 ignment . 
Two o t h e r  f e a t u r e s  of the  fundus  camera  (Fig.  4 )  should be mentioned: 
t he   v i ewing   pa th ,   v i a   l ens  (13); and   t he   i npu t   focuss ing   l i gh t  (2). For 
focuss ing  the  sys t em in  no rma l  use ,  t he  focuss ing  l i gh t  (2) i s  energ ized  
a n d   t h e   r e t i n a  i s  v iewed   d i r ec t ly   t h rough   l ens  (13). [The  focussing 
l i g h t   e n t e r s   t h e   s y s t e m   t h r o u g h   t h e   b e a m - s p l i t t e r  (3).] A f t e r  manual 
focus  ad jus tmen t ,  t he  mi r ro r  (11) i s  depres sed  and  the  f l a sh  tube  i s  
e n e r g i z e d  f o r  a ve ry  sho r t ,  i n t ense  exposure .  
B. Photographic  Study of t h e  Fundus 
Using the fundus camera in i t s  normal mode, w e  took a series of 
p h o t o g r a p h s  u s i n g  d i f f e r e n t  s p e c t r a l  f i l t e r s ,  i n  o r d e r  t o  d e t e r m i n e  t h e  
e f f e c t  of   wavelength  on  contrast .   (The  subject ' s   eyes  were d i l a t e d  
wi th   neosynephr ine   for   these   exper iments . )   In   F ig .  7 i s  a series of 
black and white  photographs taken on Eastman  Type 5224 f i lm,  through a 
set of f ive  nar row-band f i l t e rs  (bandwidths  30 t o  40 mp), c e n t e r e d  a t  
about 420,  480,  535, and 560 mp. F o u r   d i f f e r e n t   i n t e n s i t y   l e v e l s  of 
t h e  xenon f l a s h ,  g i v i n g  a to t a l  exposure  r ange  of 8 t o  1, were used 
w i t h  e a c h  f i l t e r .  From these  experiments  w e  concluded   tha t :  
G r e a t e s t  c o n t r a s t  i s  obta ined  in  the  wavelength  range  
between 400 and 520 mp. Longer  wavelengths show a 
s t eady  dec rease  in  con t r a s t  t oward  the  r ed  end  of t h e  
spectrum. 
The g r e a t e s t  amount  of de t a i l  cons i s t s  o f  b lood  vesse l s  
a n d  o t h e r '  f e a t u r e s  i n  t h e  v i c i n i t y  o f  t h e  o p t i c  d i s k .  
Much less de ta i l  can  be  seen  in  the  v i c in i ty  of t h e  
fovea . 
The xenon f l a sh  p rov ides  enough  ene rgy  fo r  a f i n e r -  
grained (and hence s lower)  f i lm than Eastman Type 5224; 
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FIG. 7 FUNDUS PICTURES TAKEN WITH  VARIOUS SPECTRAL BANDS 
t h i s  i s  d e s i r a b l e  t o  m i n i m i z e  g r a n u l a r i t y  a t  t h e  
2.5X magni f i ca t ion   o f   t he  Zeiss camera. The second 
a n d  t h i r d  series were therefore  exposed  on Panatomic- 
X f i l m .  
In  the  second exper iment ,  the  opt ic  d i sk  was c e n t e r e d  i n  t h e  f i e l d  
of t h e  Zeiss camera,  and  exposed  through a series of b r o a d e r  b l u e  f i l t e r s ,  
a l l  a t  t h e  h i g h e s t  i n t e n s i t y  of the   xenon  f lash .  The short-wavelength 
c u t o f f  w a s  var ied from 360 t o  400 mp and the long-wave cutoff from 460 
t o  560 mp. From these   exper iments  i t  w a s  conc luded   tha t :  
A bandwidth of up t o  100 mp can be used  in  the  b lue  
r eg ion  wi thou t  deg rad ing  the  con t r a s t  s ign i f i can t ly  
The short-wavelength cutoff  should not  be s h o r t e r  
than  about  400 mp, and the long-wavelength cutoff 
should not  be longer  than  about  530 m p .  
Extremely c r i t i c a l  focus adjustment  i s  r e q u i r e d  t o  
take advantage of t h e  f i n e s t  d e t a i l s  p r e s e n t  i n  t h e s e  
fundus  pa t t e rns .  
I n  t h e  t h i r d  e x p e r i m e n t ,  a dozen frames were exposed through each of 
t h e  two b e s t  f i l t e r  c o m b i n a t i o n s ,  w i t h  a s l i g h t l y  d i f f e r e n t  f o c u s  a d j u s t -  
ment for   each   f rame.  The focus  imcrements were small enough t o  be 
v i s u a l l y   u n d e t e c t a b l e   ( i n   t h e   v i e w   f i n d e r   o f   t h e  Zeiss camera).  These 
nega t ives  were t h e n  i n s p e c t e d  m i c r o s c o p t i c a l l y  t o  select  t h e  s h a r p e s t  
frames for p r i n t i n g ;  t h e  l a t t e r  were en la rged  8 times (a  t .otal  magnif ica-  
t i on  o f  20X from t h e  o r i g i n a l  f u n d u s  p a t t e r n ) .  A sample  photograph  of 
t h i s  t y p e  is shown i n  F i g .  8, a t  approximately 16X magni f i ca t ion .  
Some of t h e  d e t a i l s  v i s i b l e  i n  t h e  o r i g i n a l  p i c t u r e  a p p e a r  t o  be 
q u i t e  c l o s e  t o  t h e  d i f f r a c t i o n  limit f o r  a 2.3-mm p u p i l  a t  450 my--i.e.,  
of t h e  o r d e r  of 1 minute of a r c  ( o r  a b o u t  5 microns a t  t h e  f u n d u s ) .  
Th i s  pho tograph  a l so  conf i rms  tha t  t he  op t i c  d i sk  is  a des i r ab le  loca -  
t i o n   f o r   t h e   c i r c u l a r   s c a n n i n g   l o c u s .   F o r t u n a t e l y ,   t h i s   r e l a t i v e l y  
remote  loca t ion  w i l l  t end  to  minimize  i t s  i n t e r f e r e n c e  w i t h  s t a b i l i z e d  
s t i m u l i  l o c a t e d  a t  or nea r  the  fovea .  A l so  no te  tha t  a broad-wavelength 
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FIG. 8 A 16X MAGNIFICATION  FUNDUS  PHOTOGRAPH, SHOWING DETAILS 
CLOSE TO  THE  DIFFRACTION  LIMIT FOR A 2.3 mm PUPIL 
AT A WAVELENGTH  OF 450 MILLIMICRONS (About 1 minute of arc ) 
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band i n  t h e  b l u e  region of the  spec t rum is r e a d i l y  a t t a i n a b l e  w i t h  
exis t ing phosphors  and photocathodes.  
C. I n v e r t i n g   t h e  Optical Pa th  
For  the purpose of  eye- t racking,  we c o u l d  i n  p r i n c i p l e  u s e  t h e  
fundus camera i n  i t s  normal  conf igura t ion  and  s imply  scan  the  re t ina l  
image formed i n  t h e  f i l m  p l a n e .  However, t h e r e  are p o t e n t i a l l y  g r e a t  
advan tages   t o   i nve r t ing   t he   sys t em.  To apprec ia t e   t hese   advan tages ,  
l e t  u s  f i r s t  c o n s i d e r  a scanner  us ing  the  fundus  camera i n  its normal 
photographic  mode. Consider ,   for   example,   the   fol lowing  arrangement:  
( 1 )  A s t e a d y  l i g h t  s o u r c e  of t h e  p r o p e r  s p e c t r a l  c o n t e n t  
i n  p l a c e  o f  t h e  f l a s h  t u b e  i n  F i g .  4. 
(2 )  An a d d i t i o n a l  s t o p  c o n t a i n i n g  a n  a n n u l a r  o p e n i n g  p l a c e d  
i n  t h e  i n p u t  s y s t e m ,  so t h a t  i t  is i n  f o c u s  on the 
r e t i n a  ( i n  t h i s  way w e  o n l y  i l l u m i n a t e  a small annu la r  
r e g i o n  o f  t h e  r e t i n a ) .  
(3) A v id i con  camera t u b e   i n   t h e   f i l m   p l a n e .  The  image  of 
t h e  a n n u l a r  r e g i o n  of i l l u m i n a t e d  r e t i n a ,  w h i c h  f a l l s  
on the target of t he  v id i con ,  is scanned  in  a c i r c u l a r  
p a t h  by a n  e l e c t r o n  beam c e n t e r e d  w i t h i n  t h i s  a n n u l a r  
zone. 
There are two p o t e n t i a l   d i f f i c u l t i e s   w i t h   t h i s   s y s t e m .   F i r s t ,   t h e  
annular zone must be c o n s i d e r a b l y  l a r g e r  t h a n  t h e  c i r c u l a r  s c a n n i n g  s p o t ,  
i n  o r d e r  t o  p 'e rmi t   reasonable   to le rances   on   a l ignment   and   dr i f t .   This  
r e s u l t s  i n  much more t o t a l  e n e r g y  i n t o  t h e  e y e  t h a n  i s  ac tua l ly  used  
i n  t h e  measurement.  This  would  tend t o  c l o s e  down the  pup i l  o f  t he  
eye  more than necessary;  but  even more impor tan t ,  the  unused  l igh t  would 
d e c r e a s e  t h e  c o n t r a s t  o f  t h e  r e t i n a l  image i f  t h e r e  i s  any  sca t t e r ing ,  
e i t h e r  w i t h i n  t h e  r e t i n a l  l a y e r  o r  o p t i c a l  media of t h e  eye ,  o r  any re- 
f l e c t i o n s  f r o m  t h e  i n t e r n a l  w a l l s  of t h e   e y e b a l l .  Any l i g h t   t h a t   i n -  
creases  the background l e v e l  n e c e s s a r i l y  d e c r e a s e s  t h e  c o n t r a s t .  
Let us now see how t h e s e  p o t e n t i a l  d i f f i c u l t i e s  are e l imina ted  by 
inve r t ing   t he   sys t em.   In   t he   i nve r t ed  sys tem,  we p l a c e  a f l y i n g   s p o t   i n  
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t he  p l ane  o f  t he  f i lm  and  a s e n s i t i v e  p h o t o c e l l  i n  p l a c e  of t h e  f l a s h  
tube.  The  normal   high-resolut ion  output   system  thus becomes a high- 
r e s o l u t i o n  i n p u t  s y s t e m  t h a t  f o c u s s e s  an image of t h e  f l y i n g  s p o t  o n t o  
the fundus,  by way o f  l i gh t  pas s ing  th rough  the  cen t r a l  zone  o f  t he  
pup i l .  L igh t  r e f l ec t ed  f rom the  fundus  passes  ou t  t h rough  the  annu la r  
zone  of  the  pupi l  and  is  c o l l e c t e d  by t h e  p h o t o c e l l .  Thus the  temporal  
s i g n a l  is a measure  of  the  re f lec t iv i ty  of  the  fundus  a long  the  scanning  
locus .  In t h i s  way w e  p u t  i n t o  t h e  e y e  no more l i g h t  t h a n  n e c e s s a r y  
f o r  t h e  measurement,  and i n t e r n a l  s c a t t e r i n g  a f t e r  t h e  f u n d u s  r e f l e c t i o n  
now mere ly  a f f ec t s  t he  ne t  ga in  o f  t he  system, n o t  t h e  p i c t u r e  c o n t r a s t .  
A pho-tograph  of the  inver ted  scanning  sys tem is shown i n  F i g .  9 .  
The ca thode  ray  tube  is a very-high-resolution tube from Westinghouse,  
with an experimental  blue phosphor  known as  PX38. This  tube  has almost 
e x a c t l y  t h e  s p e c t r a l  c h a r a c t e r i s t i c s  w e  desire, a s  w e l l  as a v e r y  s h o r t  
pe r s i s t ence   (nomina l ly   0 .6  ps) .  The tube  i s  des igna ted  WX-5062PX38. 
The p h o t o m u l t i p l i e r  is a n  Amperex 56VP u n i t  w i t h  a n  S-11 photocathode 
( i n  a PA56 mounting assembly), which is  a very-high-gain tube.  
Using t h e  a p p a r a t u s  shown i n  F i g .  10, w i t h  t h e  "model eye" shown 
i n  F i g .  11, w e  o b t a i n e d   t h e   " v i d e o   s i g n a l "  shown in   F ig .   12 .  Though a 
qu i t e  p re l imina ry  r e su l t ,  t h i s  pho tograph  demons t r a t e s  t ha t  s igna l s  
a r e  a t  least  ob ta inab le   w i th   t h i s   geomet r i c   Conf igu ra t ion .  The  model 
eye  cons is t s  s imply  of  a l e n s  of s u i t a b l e  f o c a l  l e n g t h  ( a d j u s t e d  so t h a t  
r e f l e c t i o n s  from its s u r f a c e s  a r e  e l i m i n a t e d ,  i n  t h e  manner  of co rnea l  
r e f l ec t ions  f rom the  r ea l  eye ) ,  and  a "ret ina"  which i s  simply a photo- 
g r a p h i c  p r i n t  of t h e   f u n d u s   p i c t u r e  of  Fig. 8. The s igna l   r eco rd ing   o f  
Fig.   12 i s  a r e l a t ive ly  long  scope -camera  exposure ,  i n  an  a t t empt  to  
ave rage   t he   no i se - in - s igna l .  The r e s u l t  o f  t h i s  a v e r a g i n g  i s  t h e  l i n e -  
w iden ing   s een   i n   t he  trace.  An estimate of s i g n a l - t o - n o i s e  r a t i o  is 
ob ta ined  by compar ing  the  l ine  wid th  to  the  ampl i tude  of  the  s igna l  
v a r i a t i o n s .  
While F ig .  12  p rov ides  ev idence  tha t  s igna l s  can  ac tua l ly  be ob- 
t a i n e d  w i t h  t h i s  c o n f i g u r a t i o n ,  t h e r e  i s  st i l l  cons ide rab le  work re- 
q u i r e d  t o  " t u n e  up" t h e  s y s t e m - - e . g . ,  a d j u s t i n g  t h e  f i e l d  s i z e  of t h e  
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FIG.9 MODIFIED  FUNDUS  CAMERA WITH A  MODEL  EYE  IN  PLACE OF A REAL  EYE 
photodetector  system  for  optimum  signal-to-noise  ratio,  adjusting  the 
cathode  ray  tube for minimum  spot  size, and  obtaining  a  higher-resolution 
"retina" (i. e.,  more  like  a  real eye). 
Although  such  tuning  of  the  system  seems  rather  straightforward, 
it  is  quite a  delicate  matter.  For  example,  increasing  the  intensity 
of  the  cathode-ray-tube  spot  tends  to  improve  signal-to-noise  ratio; 
but on  the  other  hand,  the  effective  spot  size  is an increasing  function 
of  brightness, so that  increasing  the  brightness  may  result  in a decrease 
in  resolution.  Determining  the  optimum  settings  cannot  simply be  done 
by  observing raw signals  on an oscilloscope.  Rather, it depends  finally 
only on obtaining  the  best  servo-control  curves of the  type  shown  in 
28 
FIG. 10 OVERALL VIEW  OF MODIFIED FUNDUS  CAMERA  ND ELECTRONIC  CIRCUITS FOR DRIVING 
THE SCANNER CRT AND HIGH-GAIN PHOTOMULTIPLIER 
FIG. 1 1  CLOSE-UP VIEW OF THE MODEL EYE 
Fig. l(b), and  this  requires  processing  the  signal  according  to  the 
control algorithms of E q s .  ( 8 ) ,  (9), and (10).  It  is fo r  this  reason 
that  simulation of the  final  device  is  very  important--i.e., a simula- 
tion  system  in  which  the  signal  is  processed as it will be  processed 
ultimately.  The  simulated  processing  may be  performed  very  slowly 
(i.e.,  not  in  real  time);  this  is  not  crucial.  We  have now  developed 
such  a  computer  simulation  system,  and  the  next  major  step  in  the 
program  will  be  the  transmission  of  signals  from  the  fundus  scanner 
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FIG. 12 A TIME EXPOSURE OF A VIDEO 
SIGNAL OBTAINED FROM THE MODEL 
EYE OF FIG. 11 
to  the  simulator for the  purposes  noted  above. The simulator program 
i s  d i scussed   in   Sec .  I V .  
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I V  SIMULATING THE SYSTEM 
In  Sec. I1 w e  d i scussed  a t e c h n i q u e  f o r  t r a c k i n g  t h e  t r a n s l a t i o n a l  
a n d   t o r s i o n a l  movements  of an arbitrary  two-dimensional  image. I n  Sec. 
I11 w e  showed how such  a technique  could  be  appl ied  to  t racking  the  
fundus   pa t te rn   o f  a real  e y e .  I n  p a r t i c u l a r ,  w e  i n d i c a t e d  how a s t anda rd  
fundus camera could be adapted for this  purpose,  and showed s i g n a l s  ob- 
t a i n e d  w i t h  s u c h  a n  a p p a r a t u s  i n  c o n j u n c t i o n  w i t h  a model eye.  However, 
w e  h a v e  n o t  a s  y e t  b u i l t  t h e  e l e c t r o n i c  h a r d w a r e  n e c c e s a r y  t o  p r o c e s s  
t h e s e  s i g n a l s  i n  real  t i m e  accord ing  to  the  cont ro l  equat ions  of  Sec .  11. 
In view of the magnitude of the undertaking to  bui ld  such high-  
speed  cor re la t ion  equipment ,  and  a l so  because  w e  do no t  as  y e t  have 
enough informat ion  to  comple te ly  spec i fy  the  requi rements  for  such  a 
system, i t  i s  h i g h l y  d e s i r a b l e  t o  s i m u l a t e  t h e  sys t em on a d i g i t a l  com- 
p u t e r  a t  much s l o w e r  s p e e d s ,  b u t  w i t h  s i g n a l s  a s  r e a l i s t i c  as  p o s s i b l e .  
For example, as  noted below, w e  would l i k e  t o  o p e r a t e  t h e  real  scan  a t  
1 kc/s,  so t h a t  w e  can make a c o r r e c t i o n  of  eye posi t ion e v e r y  mi l l i s econd .  
However, i f  w e  a r e  l i m i t e d  by s i g n a l - t o - n o i s e  r a t i o ,  w e  might i n  f a c t  
a c h i e v e  e q u i v a l e n t  r e s u l t s  by scanning a t  say, 200 cyc le s  pe r  s econd ,  i n  
which case there  i s  5 t i m e s  a s  much l i g h t  p e r  u n i t  a r e a  p e r  u n i t  t i m e ,  
w i th  a corresponding improvement  in  s ignal- to-noise  ra t io  and reduced 
bandwidth  requirement.  Thus,  though w e  might make on ly   one - f i f th  as  
many c o r r e c t i o n s  p e r  u n i t  t i m e ,  e ach  co r rec t ion  may be s u f f i c i e n t l y  
improved s o  a s  n o t  t o  w a r r a n t  t h e  much grea te r  expense  of  the  h igher -  
s p e e d  c o r r e l a t i o n  c i r c u i t r y .  
Experiments  with the s imulator  system w i l l  help us  determine 
r ea l i s t i c  estimates fo r  t he  pe r fo rmance  tha t  w e  can  u l t imate ly  expec t ,  
and w i l l  s i g n i f i c a n t l y  a i d  i n  t.he s p e c i f i c  d e s i g n  a p p r o a c h  f o r  t h e  
s igna l -p rocess ing  sys t em.  ( In   Sec .  I1 w e  noted  another   important   purpose 
for simulation--namely, as  a n  a i d  i n  p a r a m e t e r  o p t i m i z a t i o n  i n  t h e  
scanning system. ) 
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I n  t h i s  s e c t i o n  w e  w i l l  descr ibe  the  bas ic  s imula t ion  program.  
F i r s t ,  however, l e t  us  summarize some of t h e  r e q u i r e m e n t s  f o r  t h e  real 
ins t rument ,  as  w e  p r e s e n t l y  see them. This  w i l l  keep   t he   s imu la t ion  
program as rea l i s t ic  a s  p o s s i b l e .  
A .  Design  Requirements  for  an  Actual  Eye-Tracker  System 
The d e s i g n  r e q u i r e m e n t s  f o r  a n  a c t u a l  e y e - t r a c k e r  s y s t e m  can be 
summarized as  fo l lows:  
(1) A s  i l l u s t r a t e d   i n   F i g .  8, t h e   r e s o l u t i o n   o b t a i n a b l e  
with the fundus camera is on t h e  o r d e r  of 1 minute of 
arc,  which corresponds to an  Ai ry  d i sk  on t h e  r e t i n a  
about 5 mic rons   i n   d i ame te r .   Th i s   imp l i e s   t ha t   t he  
f ly ing  spo t  shou ld  be about 1 m i l  i n  d i ame te r  (25  
microns) when o p e r a t i n g  a t  t h e  maximum 5 X  magn i f i ca t ion  
from r e t i n a  t o  f i l m  p l a n e  ( w h i c h  now c o n t a i n s  t h e  
f l y i n g  s p o t )  a v a i l a b l e  w i t h  t h e  Zeiss o p t i c a l  sys tem.  
( 2 )  The i n t e n s i t y   ( b r i g h t n e s s )  of t h e   f l y i n g   s p o t   s h o u l d  
be a s  h i g h  a s  p o s s i b l e ,  i n  o r d e r  t o  o b t a i n  t h e  maximum 
s igna l - to-noise  ra t io ,  which  a t  bes t  w i l l  be  low a t  
these  scanning  ra tes .  
( 3 )  The dura t ion   of  a s ingle   scanned  f rame  should be less 
than  5 mi l l i s econds  (p re fe rab ly  1 m i l l i s e c o n d ) ,  s i n c e  
t h i s  i s  the  speed  a t  which w e  need t o  make r ea l - t ime  
p o s i t i o n  c o r r e c t i o n s .  
( 4 )  During a s ingle   f rame time, the  scanning  spot   should 
t r a v e r s e  as  many independen t  ce l l s  (o r  Nyqu i s t  i n t e rva l s )  
of t h e   f u n d u s   p a t t e r n  as  poss ib l e .   Th i s  i s  necessary  
i n  o r d e r  t o  o b t a i n  t h e  maximum amount of p o s i t i o n  
in fo rma t ion  wi th  the  minimum c o n c e n t r a t i o n  of energy 
p e r  u n i t  a r e a  a t  t h e  f u n d u s  or a t  the phosphor.  
(5)  A c i r c u l a r  s c a n n i n g  p a t t e r n ,  c e n t e r e d  on t h e  o p t i c  d i s k ,  
is d e s i r a b l e  ( t h o u g h  n o t  e s s e n t i a l ) ,  s i n c e  t h i s  would 
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cause t h e  f l y i n g  s p o t  t o  c r o s s  many blood vessels and 
nerve f i b e r s  a t  approx ima te ly  r igh t  ang le s .  
( 6 )  With a CRT scanner, t h e  p e r s i s t e n c e  of the  phosphor 
should be as  s h o r t  as  poss ib l e ,  since t h i s  w i l l  
l i m i t  t h e  number o f  r e s o l v a b l e  p i c t u r e  elements p e r  
frame.  For  example,   the  1-microsecond  persistence of 
our  exper imenta l  CRT phosphor w i l l  permit about 1000 
p ic ture  e lements  per  mi l l i second f rame.  
( 7 )  Since  a 1 - m i l  CRT spot   cor responds   to   about  1 minute 
of a r c  a t  t h e  r e t i n a ,  a s i n g l e  c i r c u l a r  l i n e  whose 
circumference equals 1000 of these  reso lvable  e lements  
w i l l  have a diameter of 5.3O, rough ly  the  s i ze  of t h e  
o p t i c  d i s k .  
Thus, w e  v i s u a l i z e  t h e  r e a l  sys t em o p e r a t i n g  a t  a r a t e  of a t  least  
200 s c a n s  p e r  s e c o n d  ( p r e f e r a b l y  c l o s e r  t o  lOOO), where the scan has  a 
d iameter  on t h e  o r d e r  of 5 t o  1 0  d e g r e e s  c e n t e r e d  on t h e  o p t i c  d i s k .  
The fundus camera o p t i c s  have  the  r equ i r ed  r e so lu t ion ,  t he  expe r imen ta l  
phosphor  has  the  r equ i r ed  spec t r a l  cha rac t e r i s t i c s  and  shor t  pe r s i s t ence ,  
and  the  expe r imen ta l  pho to tube  has  ve ry  h igh  ga in  in  th i s  spec t r a l  r eg ion .  
P o s s i b l y  a l l  w e  need t o  do i s  to  des ign  and  bui ld  the  equipment  
fo r  s ampl ing ,  d ig i t i z ing ,  and  s to r ing  the  s igna l  f rom a s i n g l e  l i n e  
scan ,  and  the  co r re l a t ion  equ ipmen t  to  ope ra t e  a t  t he  necessa ry  r a t e s ,  
p lus  the  "servo"  equipment  for  cont ro l l ing  the  x- and y-posi t ion of t h e  
scanning   c i rc le   on   the   ca thode   ray   tube .  But i f  w e  a r e  t o  e n t e r  t h i s  
construct ion phase with any reasonable  confidence of  success ,  w e  need 
t h e  r e s u l t s  f r o m  f u r t h e r  s i m u l a t i o n  s t u d i e s  t o  a i d  i n  t h e  f i n a l  d e s i g n .  
I n  f a c t ,  w e  s t i l l  need t o  v e r i f y  t h a t  t h e r e  e x i s t s  a d e q u a t e  s i g n a l - t o -  
n o i s e  r a t i o  t o  meet the   t r ack ing   r equ i r emen t s .   In   t he   nex t   subsec t ion ,  
w e  desc r ibe  th i s  bas i c  s imula t ion  p rogram.  
B. Computer  Simulation 
The s i m u l a t i o n  e f f o r t  has proceeded  in   two  s teps .  To s t u d y  t h e  
basic  scanning technique,  w e  f i r s t  se t  up a s imple  op t i ca l  s y s t e m  t o  
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scan  an  en la rged  (15X) t r anspa rency  o f  t he  r e t ina ,  much l ike  the  pho to -  
graph  shown i n  F i g .  8 .  This  experiment  used a very-slow-speed  scan, 
o n  t h e  o r d e r  of one cycle every few seconds,  with the "video s ignal"  
b e i n g  d i g i t i z e d  a n d  t h e n  p r o c e s s e d  i n  t h e  manner d iscussed  in  connec t ion  
wi th  Eqs .  ( 8 ) ,  (9) ,  and (10). With t h i s   t e c h n i q u e  w e  were a b l e  t o  
demonstrate a t o r s i o n - c o n t r o l  c h a r a c t e r i s t i c  o f  t h e  t y p e  shown i n  F i g .  
l ( b ) .  However, t he   s igna l - to -no i se   r a t io s   o f   t he   "v ideo   s igna l s "  ob- 
t a ined  in  these  expe r imen t s  were much b e t t e r  t h a n  w e  could expect from 
t h e  r e a l  e y e  a t  a high  scan ra te .  Rather   than   s imply   adding   a rb i t ra ry  
amounts of noise, w e  decided t o  d e l a y  f u r t h e r  s i m u l a t i o n  s t u d i e s  u n t i l  
w e  cou ld  ob ta in  ac tua l  s igna l s  f rom the  fundus  camera  and  could there- 
f o r e  g e t  more r e a l i s t i c  e s t i m a t e s  of s i g n a l - t o - n o i s e  r a t i o s .  
The f i r s t  s t e p  i n  t h e  n e x t  p h a s e  of the program w i l l  be t o  resume 
t h e  s i m u l a t i o n  s t u d i e s  w i t h  s igna ls  ob ta ined  f rom t h e  fundus scanner,  
a s   d e s c r i b e d   i n   S e c .  111. These   s igna ls  w i l l  be recorded a t  high  speed 
on an instrumentation recorder,  and played back a t  s u i t a b l y  low  speed 
i n t o  a computer, for the  simulation  program.  Following i s  a b r i e f  
d e s c r i p t i o n  of th i s  s imula t ion  program.  
An a n a l o g - t o - d i g i t a l  c o n v e r t e r  c h a n g e s  t h e  v i d e o  s i g n a l  i n t o  d i g i t a l  
form for en t ry   i n to   t he   compute r .  The computer a l s o  r e c e i v e s  a sync 
p u l s e ,  p h a s e  l o c k e d  t o  t h e  f l y i n g - s p o t  s c a n ,  t o  p r o v i d e  a f i x e d  r e f e r e n c e  
poin t ,  and  measures  the  scan  ra te  by t iming  the  in te rva l  be tween suc-  
cess ive   sync   pu lses .   Parameter   va lues   a re   en te red   manual ly   f rom the  
computer  console t o  c o n t r o l  t h e  de t a i l s  of t h e  a n a l y s i s .  One can   spec i fy  
independent ly  the sampling rate  and t h e  number  of  samples t o  be used 
in   the   computa t ion .   For   example ,   the   en t ry  (1000, 900) i n d i c a t e s   t h a t  
t he  scan  i s  t o  be d i v i d e d  i n t o  1000 equal  e lements  and that  900 of t h e s e  
a r e  t o  be  used in  the  computa t ion .  
The basic  procedure i s  t o  make a "master" frame, against  which each 
r ea l - t ime  frame is  compared, i n  order  to  de t e rmine  i ts  x - t r a n s l a t i o n ,  
y - t r a n s l a t i o n ,   a n d   t o r s i o n .  The master frame i s  t h e   d i f f e r e n c e  between 
two s c a n s   t h a t   a r e   i d e n t i c a l   e x c e p t   f o r  a s p e c i f i a b l e   d e l a y  26 .  The 
c o n t r o l   c h a r a c t e r i s t i c s   a r e   t h e n   o b t a i n e d  by c o r r e l a t i o n .  For example, 
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t h e  t o r s i o n  c o n t r o l  c h a r a c t e r i s t i c  is  ob ta ined  by c o r r e l a t i n g  a test  
f r ame  d i r ec t ly  wi th  the  s to red  master d i f f e r e n c e  f r a m e  i n  t h e  manner  of 
Eq. (8); t h i s  c o r r e l a t i o n  s h o u l d  be z e r o  w i t h  t h e  tes t  scan  delayed by 
6 ( i . e . ,  halfway  between the two  components  of t h e  master frame), and 
i t  should become i n c r e a s i n g l y  p o s i t i v e  f o r  v a l u e s  o f  8 g r e a t e r  t h a n  
t h i s ,  a n d  n e g a t i v e  f o r  lesser va lues .  The x- a n d  y - t r a n s l a t i o n  c o n t r o l  
c h a r a c t e r i s t i c s  are ob ta ined  s imi l a r ly ,  excep t  t ha t  t he  p roduc t  of t h e  
mas ter -d i f fe rence  f rame and  the  rea l - t ime f rame i s  m u l t i p l i e d  by s i n 8  
o r  c o s 8  b e f o r e  i n t e g r a t i n g .  
The s imula t ion  p rogram,  wr i t t en  fo r  t he  SDS 910 computer, i s  organjzed  
i n  s e v e r a l  numbered  subprograms,  each  of  which  can be c a l l e d  a t  any t i m e  
from the   conso le .   These   s t eps   a r e  shown in   t he   compute r   p r in tou t   fo r  
one  case shown i n  F i g .  13. 
Step  1: 
Step  2: 
Step  3: 
Clear   ha l t   to   measure   f rame time. This  program 
m e a s u r e s  t h e  a c t u a l  s c a n  r a t e  i n  terms of  computer 
memory c y c l e s .   I n   t h i s   c a s e   t h e r e   a r e  407,185 c y c l e s  
pe r  s can  cyc le ,  or 3.257 seconds.  
Accept new parameters .  NDIV s p e c i f i e s   t h e  number 
of uniformly spaced samples into which a s i n g l e  
scan  i s  t o  be broken,  and NSMP s p e c i f i e s  t h e  
number of  samples  that  w e  wish t o  u s e  i n  t h e  
c o r r e l a t i o n .   I n   t h i s  case NDIV = 1000 i n d i c a t e s  
1000 sample points ,  or 407 computer  cycles  per  
sample  point .   This  number is u s e d   i n t e r n a l l y   t o  
se t  the  sampl ing  in t e rva l  of the  incoming  sig- 
n a l .   I n   o t h e r  words,  every 407 computer  cycles, 
t h e  i n p u t  " v i d e o  s i g n a l "  i s  sampled,   d igi t ized,  
and   s tored .  NSMP = 1000   imp l i e s   t ha t  w e  w i l l  
c o r r e l a t e  o v e r  e x a c t l y  o n e  s c a n  c y c l e .  
Accept   master   dif ference  f rame.   Parameter  
KTHETAl s imply indicates  where w e  wish t o  start 
sampl ing  wi th  r e spec t  t o  the  sync  pu l se .  
Parameter DELTA ( 6 )  s p e c i f i e s  t h e  s e p a r a t i o n  
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RETINAL  TRACKING  SIMULATCR 
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FIG. 13 A SAMPLE OUTPUT FROM THE  COMPUTER 
SIMULATION PROGRAM IN RESPONSE 
TO TORSIONAL  MOVEMENT 
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Step  4: 
d i s t a n c e  f o r  f o r m i n g  t h e  master frame i n  t h e  
sense  of Eq. (6). The master frame is formed 
by taking in  one complete  video frame,  then a 
second frame displaced by 26 ( i n  t h i s  p a r t i c u l a r  
case, 2 times 1221 cyc les ,  o r  6 sampl ing  in t e rva l s ) ,  
and  then  sub t r ac t ing  one  master frame from the 
o the r ,   po in t  by point .   Parameter  NO. REPEATS ind i -  
cates t h e  number of times that t h i s  p r o c e s s  is 
repea ted  wi th  new frames,  and the resul ts  averaged,  
fo r   pu rposes  of n o i s e   r e d u c t i o n .   I n   t h i s  case, 
t h e  p r o c e s s  w a s  done only a s i n g l e  time. 
Accept test f rame.   This   p rocedure   a l lows   us   to  
p l o t  o u t  t h e  t o r s i o n - c o n t r o l  c h a r a c t e r i s t i c  by 
c o r r e l a t i n g  new f r a m e s  i n  d i f f e r e n t  p h a s e  r e l a t i o n -  
s h i p   w i t h   t h e   s t o r e d  master. Parameters M I N ,  MAX, 
INCR spec i fy  the  phase  r ange  ( in  cyc le s )  that i s  t o  
be tested i n  s t e p s  s p e c i f i e d  by INCR. For  each new 
p h a s e  r e l a t i o n  a completely new test frame is brought 
i n   f o r   c o r r e l a t i o n   a g a i n s t   t h e   s t o r e d  master. In 
t h i s  c a s e ,  w e  test the  to r s ion  ou tpu t  ove r  a phase 
range  of (1221/407) = -3 s a m p l i n g  i n t e r v a l s  t o  
+(1221)/407 = +3 s a m p l i n g  i n t e r v a l s  i n  o n e - i n t e r v a l  
s t e p s .  The r e s u l t i n g   c o n t r o l   c h a r a c t e r i s t i c  i s  
shown i n  F i g .  14. Note t h a t  t h e  X and Y ou tpu t s  
a r e  r e l a t i v e l y  i n s e n s i t i v e  t o  p h a s e  s h i f t ,  or 
p a t t e r n  r o t a t i o n ,  which i s  o f  cour se  a s  i t  should 
be. 
For  th i s  s imula t ion ,  t he  pho tograph ic  t r anspa rency  o f  t he  fundus  
w a s  a 1 5 X  enlargement ,  and the scanning circle  had a diameter of approxi- 
mately 3 cent imeters ,  which i s  a r e a l i s t i c  s c a l i n g  o f  1 min, or 5p, 
s a m p l i n g   i n t e r v a l s   o n   t h e   r e t i n a .  The actua1,dis tance  between  samples  
on t h e  p h o t o g r a p h i c  p l a t e  w a s  t h e r e f o r e  d o 0  microns.  To test X and Y 
c o n t r o l  c h a r a c t e r i s t i c s  w e  would the re fo re  have  r equ i r ed  t r ans l a t ion  o f  
t h i s  r e l a t i v e l y  l a r g e  g l a s s  p l a t e  a c c u r a t e l y  a n d  r e p r o d u c i b l y  w i t h  
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FIG. 14 A  PLOT OF THE X, Y, AND T  OUTPUTS 
FOR THE  SIMULATION CASE OF FIG. 13 
micron   to le rances .  I t  w a s  deemed unwise t o  i n v e s t  i n  t h e  e f f o r t  t o  
a r r ange  for X and Y c o n t r o l  w i t h  t h e  f i r s t - p h a s e  s i m u l a t i o n .  I t  was 
cons idered  more r easonab le  to  wa i t  f . o r  real  s igna ls  f rom the  fundus  
t r a c k e r  i n  which X and Y pos i t i on  can  be s h i f t e d  e a s i l y  a n d  a c c u r a t e l y  
by means of f ine  con t ro l  o f  t he  pos i t i on  o f  t he  scann ing  r a s t e r  (de -  
f l e c t i o n  c o i l  b i a s ) .  
In  summary, w e  have   ver i f ied ,   wi th   th i s   s imula t ion   program,   tha t  
t he  r e t ina l  pho tograph  con ta ins  adequa te  in fo rma t ion  to  y i e ld  sa t i s f ac to ry  
con t ro l  cha rac t e r i s t i c s  w i th in  the  des i r ed  accu racy  r ange ,  measu red  in  
terms of t o r s i o n   c o n t r o l   o n l y .  What i s  not  y e t  known i s  how t h e s e  
c o n t r o l  c h a r a c t e r i s t i c s  w i l l  hold up unde r  the  r e l a t ive ly  poor  s igna l - to -  
n o i s e  r a t i o  t h a t  w e  w i l l  obtain with high-speed scanning of a r e a l  e y e .  
This  is the  nex t  ma jo r  s t ep  in  the  .program. 
We might  note  one s imple,  but  very useful  var ia t ion of  the s imula-  
t i o n  program--namely, t h e  a b i l i t y  t o  p l o t  t h e  a u t o c o r r e l a t i o n  f u n c t i o n  of 
a sampled  frame, a f t e r  a v e r a g i n g  a n y  s p e c i f i a b l e  number  of times i n  
o r d e r  t o  a v e r a g e  o u t  n o i s e .  Such a p l o t ,  f o r  j u s t  a s ing le   input   f rame,  
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i s  shown i n   F i g .  15. The a b s c i s s a  is i n  terms of  sample  distances.  The 
r e l a t i v e l y  s t e e p  s l o p e  of t h e  c u r v e - - i . e . ,  r e l a t i v e l y  l a r g e  c h a n g e  i n  
o u t p u t  f o r  a s h i f t  o f  one  sample  d is tance ,  ind ica tes  tha t  the  s igna l  
con ta ins  cons ide rab le  in fo rma t ion  in  the  des i r ed  r ange ,  a t  least for 
t h i s  s i t u a t i o n  o f  a g r e a t l y  e n l a r g e d  t r a n s p a r e n c y  of the  fundus.   This  
a u t o c o r r e l a t i o n  f e a t u r e  of the s imulat ion program should be very  usefu l  
f o r  a l i g n i n g  our fundus  camera  system, as  noted a t  the end of Sec.  111. 
From a u t o c o r r e l a t i o n  p l o t s  s u c h  as  t h i s ,  for v a r i o u s  s e t t i n g s  o f  t h e  
con t ro l  pa rame te r s  ( e .g . ,  b r igh tness  of t he  scann ing  spo t )  w e  should be 
a b l e  t o  s e l e c t  optimum s e t t i n g s  t h a t  maximize s igna l  con ten t  and  s igna l -  
t o - n o i s e  r a t i o .  
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FIG. 15 A SAMPLE AUTOCORRELATION  OUTPUT FROM THE COMPUTER SIMULATION PROGRAM 
V STATUS AM) PLANS 
In  this  report  we  have  discussed an eye-movement  tracking  technique 
that  may  yield  a  tracking  accuracy  on  the  order  of 10 seconds  of  arc. 
The method  we are developing  is  based  on  direct  tracking  of  the  retinal 
pattern  (i.e.,  the  fundus)  itself. For test  purposes,  we  have  inverted 
the  optical  system  of  a  diffraction-limited  fundus  camera,  replacing  the 
film by a flying-spot  scanner,  and  the flash-tube~by a photodetector. 
Thus we  project a scanning  pattern  directly onto  the fundus,  and  we  plan 
to  track  the  resulting  image  in  space.  With  the  tracking  technique  being 
developed,  we  should be able  to  detect  torsional  movements  of  the  retina 
as well as vertical  and  horizontal  translation  movements. 
Accomplishments  during  this  first  phase  of  the  program  can  be 
summarized  in  four  categories: 
A study  of  the  spectral.  characteristics  of  the  fundus, 
to  determine  the  spectral  range  that  yields  the  highest 
contrast  images. 
Conceptual  development  of  relatively  simple  scanning  and 
correlation  signal-processing  techniques  for  determining 
translational  and  rotational  movements  of a generalized 
two-dimensional  image. 
Realization  of  an  optical  configuration  for  implementing 
the  scanning  technique in the  case  of  the  two-dimensional 
fundus  image  from  a  real  eye. 
Development  of a computer  program  for  simulating  the 
correlation  processing  at  slow  speed  for  the  purpose 
of  overall  evaluation of the  tracking  system as well 
as to help in design of the  required  high-speed 
correlation  equipment. 
In  addition to  various  minor  tasks,  the  remaining  major  tasks  of 
the  program are as follows.  An  extensive  simulation  study  of  the 
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system should be made, l e a d i n g  t o  r ea l i s t i c  estimates of the performance 
tha t   can   even tua l ly   be   expec ted .   I f   t hese  estimates i n d i c a t e  a p o t e n t i a l  
performance that  is  unaccep tab le  (bu t  no t  l imi t ed  by fundamental l a w s ) ,  
then  i t  would  be necessa ry  to  look  fo r  a l t e rna t ive  and  improved  t echn iques .  
On t h e  o t h e r  hand, i f  t h e  p r o j e c t e d  s y s t e m  p e r f o r m a n c e  a p p e a r s  s a t i s -  
f a c t o r y ,  w e  can  then  develop  the  necessary  hardware  for  process ing  the  
s i g n a l s  i n  real  t i m e ,  a c c o r d i n g  t o  t h e  c o n t r o l  a l g o r i t h m s  of Sec. 11. 
A t  t h e  moment, i n  view of t h e  s i g n a l s  a l r eady  obtained from the 
fundus scanner  w i t h  a model eye,  and the control curves generated by 
the  s imula t ion  sys t em thus  f a r ,  w e  f e e l  o p t i m i s t i c  a b o u t  t h e  image- 
s t a b i l i z a t i o n  p o s s i b i l i t i e s  of the  present  approach .  
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